The microwave losses associated with the extreme high field tail region of the ferromagnetic resonance (FMR) absorption curve for 0.08-to 1.38-mm-thick c-plane circular disks of single crystal Zn-Y hexagonal ferrite materials with planar anisotropy were investigated at 10, 19.3, and 35.3 GHz, with the static external magnetic field applied in plane. Analysis of the data in terms of magnetic losses only gave anomalous high field effective linewidth AH, results; this AH, showed a substantial increase with the field, changed with both disk thickness and radius, and was higher for an out-of-plane microwave field direction than for an in-plane direction. This linewidth did scale with the square of the disk thickness, one indication of predominant eddy current losses. The data were then analyzed in terms of eddy current losses, based on the assumption of an insulator FMR response and a h&h field eddy current loss absorption tail driven by that response. The predictions of the model were in good agreement with the data. Fits to the data gave reasonable and consistent values of the microwave conductivity which ranged from 0.03 to 0.05 Q-' cm-' at 10 GHz to 0.06-0.07 Cl-' cm-' at 35 GHz, relative to a measured dc conductivity of 0.02-0.03 as1 cm-'.
I. INTRODUCTION
Off-resonance effective liuewidth analysis techniques' to characterize the microwave losses in magnetic materials have been used in the past to study loss processes in hexagonal ferrites. "-4 Recently, the technique has been adapted to study off-resonance microwave and millimeter wave losses due to eddy currents in moderate conductivity Ba-M type hexagonal ferrite with uniaxial magnetic anisotropy?V6 The analysis was based on a model in which the insulator ferromagnetic resonance (FMR) response generates eddy currents7,* and produces an FMR absorption tail due to these eddy current losses. An eddy current tail (ECTj response analysis was developed to analyze the eddy current losses by means of a linear fitting procedure in much the same way that the high field effective linewidth analysis of magnetic losses yields an effective linewidth. The ECT analysis yields a determination of the microwave conductivity.
The ECT analysis discussed in Ref. 6 was for c-plane barium ferrite disks magnetized along the easy axis and perpendicular to the disk plane. In that case, the analysis is simplified considerably because of the circular precession nature of the magnetic response. The analysis is more complicated for in-plane magnetized easy plane hexagonal ferrites because of 'the in-plane static magnetization configuration and the elliptical precession dynamic response. The focus of this work was on the off-resonance microwave and millimeter wave eddy current losses for in-plane magnetized moderate conductivity hexagonal ferrite Zn-Y disk samples with easy plane magnetocrystalline anisotropy.
In the first part of the work, the standard effective linewidth technique for moderate conductivity ferrites was used *)On leave of absence from Faculty of Electrical Engineering, Slovak Technical University, Bratislava, Slovakia.
to determine the high field effective linewidth for c-plane disk samples of single crystal easy plane Zn-Y materials at 10.0, 19.3, and 35.3 GHz with the static magnetic field in plane and with the external microwave field either in plane or perpendicular to the disk plane. The high field effective linewidths obtained from these measurements were far from the usual result of a field independent and thickness independent linewidth parameter representative of intrinsic losses. Instead, these effective linewidths showed very strong and unexpected field dependences, changed with the orientation of the microwave field in plane or out of plane, increased as the square of the disk thickness, and also changed with disk diameter. As for the Ba-M hexagonal ferrite results in Refs. 5 and 6, the scaling of high field effective linewidths with the square of the disk thickness indicates that the predominant losses are due to eddy currents. In the second part of the work, an ECT analysis technique was developed to analyze these Zn-Y disk measurements. The analysis parallels the approach in Ref. 6 . The ECT analysis for the in-plane magnetized easy plane Zn-Y disk geometry, however, is quite different from the Ref. 6 analysis for uniaxial c-plane Ba-M disks magnetized perpendicular to the disk plane and with the microwave field always in plane. In the Zn-Y case, the eddy current distribution depends on both disk thickness and disk diameter. Once the basic eddy current response is obtained, the ECT analysis allows one to analyze the eddy current losses associated with the high field tail of the FMR absorption curve and use the microwave and millimeter wave data to determine the microwave conductivity versus frequency. For the present series of materials, the measured microwave conductivity increases linearly with frequency and extrapolates to dc values at low frequency. 
II. MATERIALS, PROPERTIES, AND MICROWAVE MEASUREMENTS
The Zn-Y single crystals were prepared at Purdue University by a flux melt growth method.' Lapidary techniques were used to fabricate thin c-plane disks. The disk thicknesses ranged from 0.05 to 1.38 mm. Disk diameters ranged from 1 to 3 mm.
The static magnetic properties of four disk samples of various thicknesses and one sphere sample were characterized by vibrating sample magnetometry. Hysteresis curves of the magnetic induction 4 WLW versus static external magnetic field Hext were measured for both in-plane and perpendicular-to-plane field directions. Here, "plane" refers both to the disk plane and the crystallographic c plane. Values for the saturation induction 47~M, and the anisotropy field HA were determined from these data. An example of such a hysteresis curve set is shown in Fig. 1 for an 0.89-mm-thick, 3.0-mm-diam disk. The in-plane field curve is labeled (a)' in Fig. 1 . The perpendicular-to-plane field curve is labeled (b). Note that the saturation magnetization 47~M, apparent from curve (a) for the easy direction is slightly larger than the value obtained.from curve (b) for the hard direction. This discrepancy is not understood. The average 47rM, .value from all the data for the five samples was 2.70 kG. Turn now to the saturation fields. Curve (a) clearly saturates at lower fields than does curve (b), as expected for disks with easy plane anisotropy. The curve (b) saturation field H,, for this disk is about 9 kOe. These Hsat values ranged from 9.6 to 11.2 kOe. Thinner disks generally had larger H,,, values. N, = 0. This procedure parallels the procedure used for the Ba-M ferrite disks in Ref. 6 . In that case, Hsat was measured for the in-plane field direction and plotted against the inplane demagnetizing factor N/I. This procedure can be justified on the basis of a simple domain rotation model and the same argument discussed in Ref. 6. For a disk made up of narrow stripe domains, the saturation field H,,, perpendicular to the disk should decrease with increasing disk thickness according to Hsat == HA -t 4 rMflI . 0)
From Eq. (l), the intercept of the fitted line in Fig. 2 with the vertical Hsat axis should correspond to the intrinsic anisotropy field HA . The slope of the fitted line should correspond to the saturation induction 47rM,. Figure 2 shows a plot of the measured out-of-plane saturation field Hsat for the four disk samples and the sphere as a function of the demagnetizing factor N, . The straight line shows-a straight line best fit to the data. The N1 parameters were obtained from the disk sample dimensions, the ellipsoidal sample approximation, and the work of Osborn." The point at N, = l/3 is for the sphere. The extrapolated value of H,,, at N1 = 0 is .8.75+0.20 kOe. As indicated above, this intercept gives HA _ This HA = 8.75 kOe value is at the lower end of the range of HA values usually cited for Zn-Y." The slope of the fitted line is 2.620.2 kG. This slope is reasonably close to 4 TM,, as expected from Eq. (1).
The perpendicular-to-plane field direction hysteresis curve Hsat values were used to determine the anisotropy field HA. This anisotropy field is defined in terms of the usual uniaxial anisotropy energy density parameter K, by the relation HA =21K,]/M,.
The anisotropy field HA was obtained by plotting the measured perpendicular-to-plane Hsat values versus the perpendicular-to-plane disk demagnetizing factor N1 and extrapolating the data to the value of H,,, in the limit The microwave and millimeter wave cavity measurements were made for the thin disk samples described above at nominal frequencies of 10.0, 19.3, and 35.3 GHz. The measurements were of the cavity frequency. o and cavity quality factor Q versus the in-plane static external field Hext for the range 3-11 kOe at 10.0 GHz, 5-13 kOe at 19.3 GHz, and lo-15 kOe at 35.3 GHz. The lower field limit was chosen to ensure saturated materials, based on the hysteresis curve data, and magnetic fields which are well above the FMR field. The measurements were done for two different linearly polarized microwave field configurations, a "P" configuration with the microwave field perpendicular to the disk plane and an "I" configuration with the microwave field in the disk plane and perpendicular to the static field. In a typical measurement a disk sample is mounted in the center of a TE,,, cylindrical microwave cavity, which is centered in the gap of an electromagnet. The external magnetic field H,,, is applied parallel to the disk plane and in the easy crystallographic c-plane direction for the sample. With proper sample mounting, the linearly polarized microwave field may be either parallel or perpendicular to the disk plane. Cavity resonance frequency o and quality factor Q measurements are then made as a function of Hext . All measurements were made at room temperature.
These cavity data were then analyzed in two different ways. The first approach was in terms of the usual microwave susceptibility and magnetic losses. This procedure gives a measure of the losses in terms of a field dependent high field effective linewidth.' This approach and the results of the analysis for the Zn-Y disks are presented in Sec. III. As already indicated, the effective linewidth analysis revealed significant problems, mainly in terms of a linewidth parameter which depended on the static field and the microwave configuration as well as the disk thickness and diameter. The complicating factor is in the moderate conductivity and dominant effect of eddy current losses on the FMR absorption tail. The second approach, therefore, was to analyze the same data in terms of eddy current losses. This approach and the results of the analysis are described in Sets. IV and V.
Ill. EFFECTIVE LINEWIDTH ANALYSIS
As briefly described in the previous section, microwave cavity measurements of the microwave response of ferrites at fields well above the FMR field can be used to determine an off-resonance loss parameter known as the effective linewidth. This section briefly describes the effective linewidth technique for the specific situation of planar single crystal hexagonal ferrite c-plane disks magnetized to saturation by an in-plane static external field, and presents the results of a corresponding analysis of the Zn-Y disk data. The magnetic response equations and the basic high field fitting procedure given below will also be used for the ECT analysis-of the next section.
The analysis is similar to that described in Ref. 6 . The starting point is the connection between the microwave tensor susceptibility components of the ferrite sample and the various material and experimental parameters. Consider an easy plane hexagonal ferrite single crystal magnetic sample in the form of a circular disk with its axis along the crystallographic c axis and magnetized to saturation in the plane of the disk by a static external magnetic field H,,,. Figure 3 shows a diagram of the sample and magnetization-field geometry for a disk of thickness T and radius R. The disk is magnetized to saturation in the direction parallel to the disk plane by the static magnetic field Hext . The vector saturation magnetization M, is parallel to H,,, . Note that the X, y, and z axes of the defined x-y-z coordinate system are perpendicu- 3 . Diagrams of the disk (x,y,z) coordinate system for a ferrite disk of thickness T and radius R and the (r,q&x) coordinate system for the eddy current problem. The disk is centered at x = 0 and is perpendicular to the x axis. The in-plane magnetic field H,,r and the static magnetization M, are along the L axis. The dynamic magnetization m describes a precession ellipse which is perpendicular to the z axis. The (r,&r) coordinate system has the r axis in the disk plane and at an angle 4 relative to the positive y axis and a 0 axis at q5 relative to the positive z axis. lar to the disk, in plane but perpendicular to M, and H,,r, and along M, and H,,, respectively. The vectors hp and h, directed along the x and y axes represent the perpendicularto-plane (P) and in-plane (r) microwave field configurations already discussed. This P and I notation will be used throughout the remainder of this article to designate the two microwave configurations. In the experiment, only one of these fields will be present at a time. The ellipse circumscribed in the disk cross section and the m vector indicates the microwave magnetization response induced by hp or hr. The diagram at the bottom of Fig. 3 shows two additional axes in the y-z plane, an r and a (p axis. The (r,+,x) coordinate system will be useful for the eddy current analysis of Sec. IV.
In order to analyze the magnetic response, one assumes a low amplitude microwave field h(t) =heLo' of frequency o which produces a dynamic magnetization response m(t)=meiof. The vector h denotes the microwave field and m denotes the complex dynamic magnetization response. Low power levels and the condition Irnl%M, are assumed. If the vector magnetization M is taken as constant at IMI=M;, to lowest order m has only x and y components. The dynamic linear response can then be obtained directly from the magnetic torque equation of motion in the form 4nm=4~~.h,'~
For a microwave field of amplitude h, the h, field defined above has h,= h and h, = 0, while h, has h,= 0 and h, = h. The susceptibility components ~TK, 4 rr& , and 4 TX,. can be separated into real and negative imaginary parts as 4 vxx,y = 4n-x& -i4 TX: y and4rr~=4rr~'--i4rrc".For this work the analysis is limited to static external fields very far from ferromagnetic resonance. In this far field regime, the 4 TX& 9 4 n-x:,, 7 &TK', 
In the above, Hx and HY are effective stiffness fields for the out-of-plane and hi-plane tipping of the magnetization vector M.
Hx=He,t+H,+4~~,(~, -Nil),
Hy=Hext -
The Hx stiffness field reflects the effect of both the planar anisotropy and the disk demagnetizing factors to keep the overall magnetization vector M in the plane of the disk. (3)- (6), AHF, is the high field effective linewidth. As discussed in Refs. 1 and 6, this linewidth parameter expresses the applicable magnetic relaxation rate at a given field in linewidth units. The 4 TX: ,, , 4 ~xi,,, , hr~', and 47~~" ParaIneterS play different roles 'in the microwave response of a ferrite. In the case of linear polarized microwave excitation, the FMR absorption curve of microwave loss versus frequency or field follows the functional form of the near-resonance 4rr,&, response, in the form of a Lore.ntzian curve with some halfpower linewidth AH. This linewidth will be on the same order of or greater than the high field effective linewidth parameter A HF , depending on the. physical origin of the magnetic losses at resonance. From the high field perspective, AHp should represent the intrinsic magnetic losses of the material and be independent of the sample geometry and field. The high field loss tail of the FMR curve, moreover, will be evident as a decrease in l/Q for the cavity containing the sample as the field is increased. This change in l/Q should scale with Hext according to Eq. (4).
In the same way that absorption and losses are connected to "TX& 7 dispersion effects are connected to 47~&. For the measurement process of Sec. II with a linearly polarized microwave field, the change in cavity frequency with field scales with the 4~,&, tail response of Eq. (3). The &TK', and 49~~" terms play no role in the FMR or tail response for a linearly polarized microwave field excitation. These terms will be important, however, for the eddy current analysis of the next section.
The far field effective linewidth AHF is obtained from determinations of the 4rrx&, and 4rrxxvy tail responses for high fields which are well above the FMR field. These determinations, in turn, are obtained from measurements of cavity Q and o versus field. The connections between 4rrx&, and frequency and between 4mx.& and Q are obtained from microwave cavity perturbation theory.r3 ---QW,,,) QN = 2&,4 n-x;JH,,t).
The frequency, quality factor, 41rx:,~, and 47r$& terms in Eqs. (9) and (10) include explicit H, dependences. The Q and w parameters depend on H,,, through the measurements and the 4~&., and 4?r~&, terms depend on H,,, through Eqs. (3) and (4). The wN and Q,%, parameters represent limiting values of o(H,,,) and Q(H,,,) for very high field, in the limit of no magnetic interactions. As will be evident from Sec. IV, QN can contain contributions from eddy current losses, in the sample, if such losses are significant. The KC, parameter is a calibration factor from the perturbation theory which depends on the cavity and the sample volume. In the present procedure, K,, is obtained empirically. The right-hand side of Eq. (9) gives a choice between 4mx: and 4rxi, and Eq. (10) gives a choice between 4~$ and 4?rx,'. The selection of 471-x: and 4~$ or 4 TX; and 4 rrx," depends on the microwave field direction in the experiment. For the perpendicular to disk or P case, one uses 4+x: and 47~~:. For the in plane or I case, one uses 4 T,J$, and 4 rr$ .
The above equations, in combination with the explicit expressions for 4~,& and 47r$,, from Eqs. (3) and (4), yield two operational relations wmch may be used in conjunction with the w(H,,J and Q(H,,,) measurements-to determine directly the far-field effective linewidth AH,. The 4Hex3 -4~x& connection from Eqs. (3) and (9) emphasized that two sets of w(H,,J measurements are involved, one for the I microwave field configuration with h=h, and one for the P microwave field configuration with h=h,. The two straight line plots should have common slopes equal to -K,,, and common vertical intercepts of wN. The extent to which the two plots give straight lines with common slopes and intercepts provides a good test of the validity of the off-resonance dispersion response equations. The corresponding Q (H,,J -4 TX!& connection from Eqs. (4) and (10) and a common vertical intercept of l/QN. The extent to which the experimental plots give straight lines with common slopes and intercepts will provide a good test of the validity of the off-resonance absorption response equations for a fixed value of AH,.
The final step in the analysis is to obtain values of AHF at high field. In the barium ferrite work in Ref. 6, the analysis for individual disks gave the expected straight lines for both the w plots and the l/Q plots. It was possible, therefore, to obtain a single high field value for AHF for each sample simply by taking the ratio of the slope of the l/Q plot to the slope of the w plot. This AH, value, however, was then found to scale with the square of the disk thickness. This showed that AH, was. not a measure of the intrinsic magnetic losses of the materials. As shown in Ref. 6, the scaling was shown to be due to the dominant effect of eddy current losses in determining the tail FMR absorption response.
As will be evident from the results presented below, the situation for c-plane disks with planar anisotropy and inplane fields is somewhat different. While the w plots are quite linear and consistent with the response analysis given so far, l/Q plots are not linear at all. In this situation, it is necessary to use the o plots to determine Kc,, alone, and then use Eqs. (13) and (14) at each value of Hext used for the measurements to obtain a field dependent AH,. Just as the change in AHF with disk thickness for the barium ferrite measurements in Ref. 6 served as an indication that the origin of the FMR tail response was connected with eddy currents and not magnetic relaxation processes, the field dependent AH, parameter for the present Zn-Y disks also has origins in eddy current losses. The rest of this section presents representative results on AHF . Section IV summarizes the analysis of the FMR tail response explicitly in terms of eddy currents. Representative plots of the measured frequency o(H,,,) VS X,, and w(H,,,) VS x,, are shown in Fig. 4 . The measurements were for a Zn-Y disk with a thickness of 1.14 mm and a diameter of 3.0 mm, with the 10 GHz cavity. Note again that two sets of o (H,,j measurements are involved, one for the I microwave field configuration and one for the P configuration. The numerical values for the plotted X,, and X,, parameters were obtained from Eq. (12), the set of He,, values used for the I or P cases, the corresponding measured , the slightly different values indicate that the calibration parameter is slightly different for the two disk orientations in the TEsti microwave cavity. The difference is about 10%. These slopes are also within 10% of the cavity calibration parameter obtained from perturbation theory. Similar results were obtained for other disk thicknesses and diameters and the other frequencies. Considered as a whole, the frequency versus field measurements were all in good agreement with the dispersion analysis of this section.
Representative plots of l/Q(H,,tj vs XQr and lIQ (H,,,) Oe for the I measurements and AH,= 1250550 Oe for the P measurements. From this factor-of-four difference; it is clear that even in the limit of very high fields and low Xcrl and X,, values where the plots are linear, AHF still depends on the microwave field direction.
As already discussed, one can also take the K,, values for the I and P measurements and use Eqs. (13) and (14) Such an increase is peculiar. Any intrinsic high field effective linewidth would be expected to decrease with increasing field as one moves away from FMR and out of the spin wave manifold regime-to some high field limiting value. The AHF values at the highest fields in each graph do scale with the square of the disk thickness, as was the case for the barium ferrite disk high field effective linewidth measurements of Ref. 6. Here, however, the actual AHF values in the two graphs differ by a factor of 3. As an additional complication, the results were also found to depend on the disk radius R. Similar results were found for measurements at 19.3 and 35.3 GHz as well. These results-show very clearly that the high field effective linewidth is not a suitable measure of the intrinsic microwave magnetic losses in these Zn-Y materials. As will be shown in the next section, eddy current losses associated with the FMR tail response, rather than magnetic losses, can account for all of the measured frequency and Q changes with static field, microwave orientation, disk thickness, and disk radius.
IV. ECT LOSS ANALYSIS
This section summarizes the theory for the eddy current losses associated with the FMR tail response data for the Zn-Y disk samples discussed above. The basic assumption is that eddy current losses dominate the response and that losses of a purely magnetic origin can be neglected entirely. This assumption is justified from the very large AHF values shown in Fig. 6 relative to the intrinsic high field effective linewidth values found for low conductivity manganese substituted barium ferrite single crystal disks.14 Those intrinsic values were on the, order of, 0.3 Oe/GHz, well below the 5-150 Oe/GHz values evident from Fig. 6 . The analysis follows the same approach used in Ref. 6 for c-plane barium ferrite disks magnetized perpendicular to the disk plane. The algebra is somewhat more complicated because of the inplane static field and magnetization direction, the elliptical m response with both in-plane and out-of-plane components, and the lower symmetry.
The geometry of the problem, shown in Fig. 3 , was -discussed in Sec. III. The uniform microwave field h(t); =beiwf is assumed to drive the uniform mode dynamic magnetization m(t)=meiwf specified by Eqs. (2)-(g). The h(t) and m(t) combine to produce a dynamic magnetic induction b(t) which induces a microwave electric field e(r,f) inside the sample. This electric tield, in turn, generates eddy currents which give rise to ohmic losses. Insofar as the part of these losses which are dependent on the static magnetic field Hext derives from the m(t) response associated with the tail of the usual FMR response, these eddy current losses also constitute an FMR eddy current absorption tail. As the analysis shows, it is this eddy current loss tail which is the source of the measured changes in cavity Q with H,,, presented and discussed in Sec. III. The critical assumption in the model is that the additional microwave fields produced by the eddy currents are small relative to h(t) and do not appreciably modify the uniform mode m(t) response which drives the loss tail in the first place.
Just as the high effective linewidth parameter AH, served as a fitting parameter for the tail response analysis for the magnetic loss problem, the microwave conductivity o will be the applicable fitting parameter for the eddy current loss tail. In contrast .with the magnetic loss analysis, however, it is possible to obtain consistent conductivity results over the entire range of frequencies, fields, sample dimensions, and microWave orientations examined. These results indicate that the analysis of high field FMR ECT response data for magnetic materials of moderate conductivity provides a useful way to measure microwave conductivity.
-It is important to emphasize that the model is valid only in the far-from-resonance limit and is useful for materials with conductivities which are not too high or too low. For high conductivity materials, the eddy current fields will be large and a full self-consistent solution of boundary value response problem based on the magnetic torque equation of motion and Maxwell's equations would be needed. Such solutions are well established for a variety of FMR and related phenomena."
The electric fields and corresponding eddy current distribution for the in-plane magnetized disk geometry are best calculated in the (r,4,x) cylindrical coordinate system shown in the bottom diagram of Fig. 3 . The disk surfaces are at x = t T/2. The r and d, axes are in plane, with the r axis at an angle 4 relative to the positive y direction and the 4 axis at 4 relative to the t direction. It is assumed that x-directed currents are suppressed by the thin disk geometry, i.e., the x components of the induced electric fields and currents are neglected.
One starts with the uniform microwave field h(t) =heiotx or h(t) =heiwfy for the P and I configurations, respectively, and the corresponding dynamic magnetization m(t) =meiw' responses given in Se-c; III. The x and y denote unit vectors in the x and y directions, respectively. The electric field is then written as e(r,t)=e(r)eiWt. The electric field spatial function e(r) may be obtained from Maxwell's Note that the electric field has both r and $ components, and that e(r) depends on r, 4, and x. This e(r)' is much more complicated that the induced electric field for the perpendicular magnetized disk in Ref. 6. The vector electric field given by Eqs. (17) and (18) also satisfies the V.e(r)=O condition. From Ohm's law, the microwave electric field e(r)eiw' generates an microwave current density distribution j(r)eio' =o-e(r)eiwt, where o denotes the microwave conductivity at frequency W. Let the time averaged eddy current power dissipation for the disk be denoted by Pi. This power dissipation may be obtained by integrating the time averaged eddy current power dissipation density $le(r)l' over the entire volume of the disk. One obtains ~*:Z~(le,(r)12+le,(r)12)r dr d+ dx (19) where the sample volume V= rR2T has been explicitly factored out. Insofar as the \b,12 and lby12 factors in Eq. (19) derive from a ztniform microwave field and uniform dynamic magnetization response throughout the disk volume, these factors are constant. This means that the average eddy cur-L rent dissipation density has additive terms which scale with the square of the disk radius R and the square of the disk thickness T. This thickness dependence is consistent with the scaling in the losses with T2 obtained in Sec. III. Such a thickness dependence was also obtained from the barium ferrite measurements in Ref. 6. The R dependence in Eq. (19) is a new result. As will be shown below, this dependence is also borne out experimentally. The remainder of the formal analysis is straightforward and involves writing lb,12 and lb,12 in terms of the microwave field and the various magnetic response functions for the I and P configurations. For the problem at hand, the microwave field is linearly polarized, of amplitude h, and along either the x axis for configuration P or along the y axis for configuration I. This means that Jb,12 and lb, I2 contain common h' factors which may be separated out. The end result is a working equation for the time averaged eddy current power dissipation in the disk.
The U, and lJr represent real and positive functions. These functions are different for the P and I microwave configurations. For the P configuration, U, and lJy are given by 
While the above expressions appear formidable, in the high field range well above ferromagnetic resonance which is pertinent here, they simplify considerably. In this limit the 4 TXi,y and ~TK' terms are much bigger than the 47rx& and ~s-K" terms. With the 4rr~z,~ and 47~" terms neglected, moreover, the resulting square bracket term in Eq. (20) becomes an absorption tail-like function of H,,, , much like the LYQP,ar functions of Sec. III. Now, however, the absorption tail reflects the eddy current losses which are driven by the real 4 rrx& and 477~ magnetization response terms rather that the magnetic losses considered in Sec. III. As will be shown below, it is possible to analyze the experimental l/Q vs H,,, tail response data in terms of an eddy current tail and determine the microwave conductivity, in much the same way that the magnetic loss analysis yields an effective linewidth. The eddy current analysis, however, yields conductivity values which are consistent for the P and I measurements and do not depend on the static magnetic field, the disk thickness T, or the disk radius R. In order to perform such an analysis, a connection between l/Q and the eddy current losses is needed. This connection is obtained below. The results of the analyses for the Zn-Y data will be presented in Sec. IV. There is one additional difference between the eddy current losses expressed by Eqs. (20)- (24) and the magnetic loss tail response of Sec. III. This difference is in the leading "1" terms contained in the UXP and Uyr expressions of Eqs. (21) and (24). These leading 1 terms correspond to background eddy current losses in the disk due to the eddy current induced by the applied microwave field alone. These loss contributions are independent of field and contribute to the high field limit Q value Q, from Sec. III. Note that the U, function has the leading 1 term for the P configuration, while the U,, function has the leading 1 for the I configuration. From the form of Eq. (20), this means that the applicable l/Q, parameter has a contribution which scales with R2 for the P configuration measurements and a contribution which scales with Tz for the I configuration measurements. These dependences will provide an additional way to use the l/Q data to determine the microwave conductivity.
The connection between the time averaged eddy current dissipation developed above and the cavity frequency and cavity Q changes measured in the experiment can be obtained by taking advantage of the corresponding connection for magnetic dissipation and l/Q already shown in Eq. (10) and the well-known basic relation between the time averaged magnetic power dissipation PM and the magnetic response. In the present notation, this latter relation may be written asr6 2 PM= v g (477&k where 4rrx," is used for the P configuration and 47r$ is used for the I configuration. The combination of Eqs. (10) and (25) leads to a direct connection between l/Q and magnetic loss. Equation (25), moreover, has much the same form as Eq. (20). Both contain a factor Vh2. If the contribution of magnetic losses to the change in l/Q is ignored, one can take advantage of the above connections and write an equation equivalent to Eq. (13) for eddy current losses.
Q We,,) QN For convenience, the combination of parameters in parenthesis in Eq. (26) is defined as a conductivity parameter G.
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Note that in Gaussian units, conductivity is in units of s-l and the G parameter has units of cme2. It is important now to take into account the field independent 1 terms in the U,, function of Eq. (21) for the P configuration and the UyI function of Eq. (24) for the I configuration. Because of these terms, the value of l/Q in the limit of high field will not be simply l/Q,, but will contain an additional contribution due to the eddy current losses induced in the disk due to the microwave field h(t)=he'O' alone. The final working equation for the analysis of the l/Q data takes different forms for the P and the I configuration experiments. The result for the P configuration is 
and l/Qc-, the high field limiting value for l/Q, given by
Qcr QN 3 (33) Equations (28)- (33) (21)- (24). Recall that at high field, 47rXL,, and 47~~' are much bigger than 4 nxzJ and 4rr~", so that the 47rX& and 47~~" contributions to U,yl,,,xp,,p may be neglected. Recall also N, and NII also depend on T and R. According to Eqs. (28) and (31), such plots should be linear and, the slopes should be equal to 2K,,G. By dividing these slopes by the slopes of the corresponding w(H,,) vs X,, or X,, plots already discussed in Sec:III, one obtains numerical values for the conductivity parameter G. These G values will be frequency band specific because of the o factor in Eq. (27). They may be converted to conductivity from the relation 
V. ECT ANALYSIS AND MlCROWAVE CONDUCTIVITY FOR Zn-Y DISKS
This final section presents the results of the ECT analysis and summarizes the ECT conductivity values for the Zn-Y disk measurements at lo-35 GHz. The measurements and procedural details for the ECT analysis were as described above. Figure 7 shows plots of I/Q as a function of Xc, and Xc,. The plots are based on the Q(H,,,) and o(H,,) vs H,, data for the I and P setups with the 10 GHz cavity and the same Zn-Y disk with T = 1.14 mm and D = 3.0 mm featured in Figs. 4 and 5 and discussed in detail in Sec. III. Figure  7 (a) is for the I configuration and Fig. 7(b) is for the P configuration. These plots, unlike the plots in Fig. 5 , are linear over the entire range of fields used for the measurements. The slopes of the straight line fits in Figs. 7(a) and 7(b) are 0.01060~0.000 08 and 0.0215~0.0003 cm-', respectively. These linear plots provide an indication that the ECT analysis of Sec. IV is indeed applicable to the present measurements. It is noteworthy that the actual values of the slopes are significantly different. This indicates that the effective conductivities for the I and P cornfigurations are significantly different as well. The fitted slopes from Fig. 7 and the K,.." values from Fig. 4 yield values for the G parameter and corresponding values for the conductivity at 10 GHz. The applicable K," values of -9.63 and -10.6~10-~ for the I and P configurations were given in Sec. III. One then obtains (+ values of 0.028 and 0.051 a-* cm-' for the I and P configurations at 10 GHz respectively. Plots similar to those in Fig. 7 were obtained for the other disks and the other measurement frequencies. The fitted conductivity values tended to increase with frequency and the P configuration generally gave higher values than did the I configuration. This increase in conductivity with frequency and the higher conductivity for the P configuration will be considered at the end of this section. Turn now to the further analysis of the Q data in'terms of the T and R dependences of the extrapolated values of l/Q at Xc,=0 and XC,=0 as described at the end of the last section. One first uses I configuration data for a range of samples of different thicknesses and obtain extrapolated values of l/Q at XC,= 0 from plots similar to Fig. 7(a) for all of those samples. These extrapolated l/Q values are expected to correspond to the l/Qc-, parameter in Eq. (33). Accordingly, a plot of these empirical l/Q,-, values vs KcavT2 should have a slope equal to G and a further extrapolated value at K,,T"= 0 of l/Q,. In a similar manner, one uses P configuration data for samples with different radii, obtains extrapolated values for l/Q,, , at X,-,=0 for all of these samples, and then plots these l/Q,,, values vs the appropriate K&Z2 parameter. This plot should also have a slope equal to G and a further extrapolated value at Kc,$t2=0 of l/Q,. FIG. 8 . Plots of (a) the high field limit l/QE, values from the I configuration measurements vs the parameter (K,,,T ) and (b) the high field limit l/Qcp values from the P configuration measurements vs the parameter (KC,,R2) for the 10 GHz cavity. The solid lines represent linear best fits to the data. measurement frequencies. As with the fits based from the l/Q vs XC, and Xc, plots of the Sort shown in Fig. 7 , the conductivity values extracted from the dependences of the extrapolated l/Q values on KcavT2 or K&Z2 tended to increase with frequency and the P configuration generally gave higher values than did the I configuration., These effects will be discussed shortly. Figure 9 summarizes all of the conductivity determinations made as described above at i0, 19.3, and 35.3 GHz.
The results of such analyses are shown in Fig. 8 , based on measurements at 10 GHz. Figure 8 (a) shows a plot of l/Q, vs K,,,T' for the five disks of different thicknesses in the I configuration. The plot shows a reasonable linear dependence for a derived plot of extrapolated values. The intercept at K,, T'=O corresponds to Q,=25 000, which is close to the Q of the 10 GHz cavity with no sample in place; The slope of the linear best fit to the data in Fig. 8(a) gives a conductivity of 0.024 R-' cm- '. Figure 8(b) shows a plot of llQcp vs K&t' for the five disks of different radii in the P configuration. This plot also shows a reasonable linear dependence. The intercept at K,$'=O also corresponds to QNw25 000, the same as for Fig. 8(a) . The slope of the linear best fit to the data in Fig. 8(b) gives a P configuration conductivity of 0.047 a-' cm-'. These values are about the same as the single sample values discussed above. They also show the same trend, with a P configuration conductivity which is larger than the I configuration value. Plots similar to those in Fig. 8 The solid circle and error bars on the vertical axis of the graph at zero frequency shows the results of four point probe dc conductivity measurements. The square symbols show the conductivity determinations for the I configuration and the diamond symbols show corresponding results for the P configuration. Only results from the l/Q vs X,-r are shown. The error bars represent standard deviations for the measurements on the different samples at a given frequency. The two straight lines in the figure represent linear best fits the experimental points.
The high frequency cr values in Fig. 9 range from 0.03-0.05 R-' cm-' at 10 GHz to 0.06-0.07 fi2-' cm-' at 35 GHz. The I configuration data extrapolate to a zero frequency conductivity which is close to the measured values. The P configuration data give values which are about lO%-15% higher. The conductivity values are the same order of magnitude as measured by Kasami et ~1.'~ The behavior in Fig. 9 is about the same as found for barium ferrite in Ref. 6 . Physical origins of the conductivity as well as possible dielectric loss effects are discussed in Ref. 6. The basic processes involve Fe3+ ions and residual Fe'+ ions in the crystal. Losses occur as a result of electron hopping""' between equivalent lattice sites containing Fe3+ and Fe2' ions with a characteristic hopping time Thop . Such hopping processes give rise to a linear dependence of the conductivity on frequency.
VI. SUMMARY AND CONCLUSION
Microwave cavity frequency and Q measurements were made on disks of single crystal Zn-Y material at lo-35 GHz for in-plane magnetized samples and static magnetic field values well above the ferromagnetic resonance field value for a given frequency. Measurements were done for two microwave field configurations, one with the linearly polarized microwave field in the plane of the disks and one with the microwave field perpendicular to the disk plane. These two configurations gave very different results in terms of the change in Q with field. A conventional high field effective linewidth analysis of the data in terms of magnetic losses gave anomalous and inconsistent results. The high field effective linewidth values inferred from the data and the analyses changed with disk thickness, disk diameter, static magnetic field, and microwave configuration. The data were then analyzed in terms of eddy current losses. A model was developed in which the usual insulator magnetic response is used to generate currents and these currents then give rise to ohmic losses which produce a FMR ECT or ECT response. The predictions of this simple model was in good agreement with the data. The analysis yielded reasonable and consistent values for the microwave conductivity as a function of frequency.
